Abstract-In dispersion compensated systems, the intensity distortion induced by the interplay between cross-phase modulation and fiber chromatic dispersion can be a primary cause of transmission degradation. This interplay is mostly studied by time-consuming computer simulations. This letter introduces a new model of this interplay in fiber transmissions with dispersion compensation, leading to a linear filter that, applied to the input intensity of a modulated interfering channel, gives the intensity distortion of a continuous-wave probe signal at the receiver. The model can be of significant value in the search for optimized dispersion maps.
modulated interfering channels, gives the intensity distortion of a continuous-wave (CW) probe signal at the end of a compensated system. The key idea is the following. The XPM at the end of the link is the sum of the XPM contributions generated in each infinitesimal fiber segment. Each infinitesimal XPM contribution gives an infinitesimal intensity distortion by PM/IM conversion [2] at the end of the link. The linear model postulates that such infinitesimal contributions add up to give the total output intensity distortion. The range of applicability of the model is roughly the same as that in [2] . The model can be of significant value in the search for optimized dispersion maps.
The paper is organized as follows. Section II derives the XPM intensity filters, both for a single fiber and for a compensated system composed of several spans. Section III compares theory and simulation to validate the model for typical spanby-span compensation schemes. Finally, Section IV concludes the paper.
II. THEORY
Consider one span of single-mode fiber (SMF) of length , with two copropagating channels, and , having the same polarization. Probe channel is CW, while pump channel is intensity modulated, being the Fourier transform of its power at the beginning of the fiber. Let and be the group velocities of the two channels, and let be the walkoff parameter [3] , with the fiber dispersion at the probe wavelength and the channel spacing.
The pump power at coordinate along the fiber, in the assumption of undistorted pump, has Fourier transform (with respect to a time frame moving with the probe group velocity) given by . The imaginary argument of the exponential term accounts for the time shift due to channel walkoff. The probe phase induced at through XPM by propagation of such pump over an infinitesimal segment is Such phase modulation enters the remaining km of fiber: if such fiber were purely linear, it would produce at its output a relative probe power distortion [2] (1)
1041-1135/98$10.00 © 1998 IEEE where is the time averaged output probe power, the probe wavelength and the light velocity. The SPM induced by such infinitesimal power distortion is neglected. If the infinitesimal intensity contributions add up, the total relative output power distortion on the probe is obtained by integrating (1) in over the fiber length: (2) where we defined the XPM/IM filter as (3) where is the residual accumulated dispersion from the beginning of the fiber to the end of the system. Now consider the general case of a chain of endamplified fiber links, with the attenuation, nonlinear and dispersion coefficients, the length and the walkoff parameter of the th link, respectively. Suppose that the th amplifier has gain for the pump, so that the pump power at the input of the th link, in the undistorted pump assumption, is , where and , with . The residual accumulated dispersion from the beginning of the th link to the end of the system is . Reasoning as before, the XPM contribution generated at coordinate of the th fiber enters a "purely linear equivalent fiber" so that its contribution to the relative output power distortion on the probe is . Integrating as before over the th fiber length and adding the contributions of all fiber segments, the overall XPM/IM filter for the links becomes (4) where is given by (3) with the appropriate parameters of the th fiber. The relative probe power distortion at the system end is given again by (2). When several pump channels are present, the total relative probe power distortion can be written as the sum of the contributions due to each pump.
III. SIMULATIONS
In Figs. 1 and 2 , we compare the results of simulations performed by the split-step Fourier method [3] with the predictions of (2). Simulations include the effects of GVD, SPM and XPM for the pump, and GVD and XPM for the probe. Simulations are carried out for a 10 span WDM system, perfectly compensated after each span, with 5 dBm peak power for both pump and probe and channel spacing nm. The pump is on-off keying (OOK) modulated with nonreturnto-zero (NRZ) raised cosine pulses (rolloff 0.8) at a bit rate Gb/s, while the probe is CW. Fig. 1 refers to a system in which the transmission fiber for each span is a nonzero dispersion fiber (NZDF), with dispersion ps/nm/km, length km, and a standard SMF with ps/nm/km and length km is used for span compensation. Other parameters common to the two fibers are the dispersion slope ps/km/nm the nonlinear coefficient W km and the attenuation dB/km. Fig. 2 refers to a system in which the transmission fiber is a SMF as before, with km, and a dispersion compensating fiber (DCF) with ps/nm/km, km, ps/km/nm W km , dB/km is used for compensation. In both figures, the wavelength of exact compensation is halfway between channels. The figures show the power of the pump both at the input and at the output of the whole link (top), and the output power of the probe (bottom), both simulated and predicted by (2) . The pattern "10 110 111" is visible in the pump intensity. As seen from the figures, the linear model predicts reasonably well the shape of the output probe power (bottom graphs), even when the hypothesis of undistorted pump is violated (top graphs). This is due to the lowpass filtering action of walkoff on the generation of XPM [4] . We note that the probe modulation is larger in the NZDF SMF system, because the XPM generation is more efficient than in the SMF DCF system, and thus the intensity distortion is larger, as per (1).
In Fig. 3 , we consider the XPM-induced power modulation caused by two neighboring pumps on a central CW probe. The pumps are OOK modulated at 10 Gb/s, with independent patterns of 128 bits. We define the sample variance as , where is the probe power and is the number of samples in the observation window of 128 bits. The figure plots versus the number of compensated spans, both for simulations and for (2) . If the XPM induced intensity noise on ONE's and ZERO's is computed, to a first approximation, as if the probe pulse had an average constant value, then, in the presence of amplified spontaneous emission noise, the error probability can be evaluated by a standard Gaussian approximation, and thus depends directly on the parameter relative to the ONE and ZERO power levels. Such Gaussian approximation is sufficient for comparisons among compensating schemes and in the search for optimal maps. If a more precise performance evaluation is needed [5] , the filter in (3) can be used to estimate the actual non-Gaussian statistics of the XPM-induced intensity noise. The parameter in Fig. 3 refers to a CW probe corresponding to the ONE power level, and three compensating schemes are compared: the NZDF SMF and SMF DCF are the maps leading to Figs. 1 and 2 ; the third, DCF SMF, uses the same fibers as the SMF DCF, but the compensating fiber is placed right after the amplifier. We see that the system minimizing the XPM-induced intensity noise is the SMF DCF, while the more common inverse map DCF SMF, which optimizes the effect of SPM [6] , performs worse in terms of XPM-induced intensity noise because of the large, uncompensated XPM generated at the beginning of the SMF fiber, where the power level is still high.
IV. CONCLUSION
In this letter, we introduced a new linear model for the XPM-induced intensity distortion on a CW probe in a dispersion compensated transmission system. By comparison to simulations we have shown that the model well captures the essence of the interaction between XPM and GVD, giving accurate predictions within the applicability range of the model in [2] upon which it is based, and within the validity of the undistorted probe assumption. The model neglects XPMinduced SPM effects on the probe. It is possible to extend the present model to include the SPM generated by a modulated probe [7] . As long as the intensity distortions due to SPM and XPM can be considered as additive and independent, the system performance evaluation greatly simplifies, and XPM-induced intensity modulation can be treated as additive intensity noise. We believe the model, together with its extensions to SPM, can be of great value in both quickly evaluating system performance and in the search for optimized dispersion maps.
